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ABSTRACT 
The presence of harmonics on the power
 system 
is very undesirable. In addition to th
e adverse 
effect they have on system apparatus, 
harmonics 
may also be detrimental to customers. 
Their 
effect on system apparatus range from 
decreased 
lifetime for transformers and capacitor
s to failure 
to interrupt fault current for circuit
 breakers. 
The effect harmonics have on customers
 is most 
noticeable in communication channels, w
here harmonics 
induce undesirable noise. 
Harmonics are produced whenever there i
s a 
non-linear relationship between voltage
 and current. 
Common sources of harmonics include arc
 furnaces, 
high voltage electronic AC/DC converte
rs and 
overexcited transformers. Most sources
 of harmonics 
on the power system are usually identif
iable and 
actions can be taken to minimize any ef
fects 
these installations may have on the sy
stern'~uch 
as the installation of harmonic filter
s. In some 
situations, however, harmonics are gen
erated in 
conditions which cannot always be accu
rately 
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predicted, such as overexcited transformers. 
Usually the voltage on· the power system is tightly 
controlled so the probability of transformers 
becoming overexcited is very small. 
However, there are instances when induction 
generators may produce overvoltages when becoming 
separated from the power system. These overvoltages 
may produce harmonics due to the non-linear voltage-
current characteristics present in transformers 
on the system. The voltage-current characteristics 
of transformers become non-linear because at sufficiently 
high voltages the iton in the core goes into 
saturation. The protective relaying which presently 
exists to detect overexcitation of induction 
genera~ors may also be adversely affected by the 
presence of harmonics in the waveform. Sometimes 
the affects are so severe that relays may fail to 
operate, allowing the overexcited generator to 
keep generating a very distorted waveform. 
There presently exists a need for a relay 
scheme which can accurately determine when ex-
• 
cessive harmonics are being produced by overexcited 
induction generators. This paper analyzes the 
-2-
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·behavior of overexcited induction generators 
and outlines a relay circuit which should be 
more accurate in detecting this condition than 
the relay schemes presently used. 
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C~PIBR1 
POWER SYSTEM ~RMONICS: THEIR EFFECTS 
ON THE POWER SYSTEM AND SOURCES 
The adverse effects of harmonics which may propa-
gate throughout a power system are numerous, some of 
which have been known since the 19JOs. Excessive , 
harmonics on power systems have been known to cause 
inductive interference with communication systems, 
failures of capacitor banks, dielectric breakdown 
of insulated cables, errors in induction meters, relay 
malfunctions, and excessive heating of induction and 
synchronous machines. 1 The effects harmonics have 
are often dependent upon their source and the network 
characteristics of the system thr·ough which the harmonics 
are propagating. It is these characteristics which 
directly influence the magnitude of the harmonics. 
If the system impedance seen by a harmonic source 
exhibits a characteristic frequency at the same fre-
quency as a specific harmonic (resonance condition), 
the magnitude of that specific harmonic in the system 
will increase dramatically, since the impedance of the 
circuitfo~ that particular harmonic is theoretically ) 
zero (the limiting factors on the harmonics are its 
-4-
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t th d . . t . t ) 2 sources reng _an c1rcu1 resis ance . 
The first area in which the adverse effects of 
harmonics was noticed was that of interference in com-
munication channels. The way in which harmonics interfere 
with telephone channels is by the magnetic coupling 
present between any telephone line and any nearby 
power conductors. This is known as inductive inter-
ference since it is the time varying electric current 
which is inducing a voltage in the communication circuit, 
due to its respective ~ing flux, which casues the 
interference. The magnitude of voltage which will 
be induced into the communication circuit is given 
by the following equation): 
( 1) 
where Mis defined as the mutual induction between 
the two conductors, which is found to vary with frequency 
and conductor separation, is defined as the angle 
at which the two conductors cross, and dI/dt is defined 
as the complex time varying current. From equation (1), 
the cos(c,(_) term indicates that maximum inductive 
interference will occur when the two conductors are 
parallel (o<. =O, cos(0)=1) and that conductors which 
are perpendicular will not be affected (c;( = 1f/2, 
-5-
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cos'rf'/2=0). It is also interesting to note that the 
normal 60 Hz power signal will also induce a voltage 
into any accompanying telephone circuit. The existence 
of this induced 60 Hz signat is not, however, of 
immediate concern for two reasons. One, although 
audible (as 60 Hz hum), it is not within the frequency 
range of voice communication. Secondly, if this 60 
cycle hum becomes too irritating it may easily be removed 
with rejection filters. 4 Harmonics of power system 
signals, on the other hand, may affect the quality 
of transmission, since the harmonic may fall within the 
frequency range of voice communication (depending on 
the order of the harmonic). For normal telephone 
communication, frequencies up to 3 kHz are considered 
to be the most sensitive to the human ear.5 Any attempts 
to filter out these harmonics, therefore, would prove 
impractical since the voice information existing at 
the harmonic would be lost. Further, unless the exact 
value of the harmonic which is causing the interference 
is known, separate filters for each possible harmonic 
would be required. Therefore, the only solution is to 
prevent any harmonics from inducing interference in 
the communication channel. This prevention may be 
achieved by controlling the existence and flow of 
-6-
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harmonics on the affected power system. The methods 
which have been developed to cont~ol this type of inter-
ference are not pertinent to this paper. 
The next area in which harmonics make their 
presence noticeable is in relation to standard power 
system equipment. The equipment most susceptible to 
damage from harmonics include capacitors, switchgear, 
and transformers. Although these devices are most· 
susceptible to the adverse effects, almost every device 
connected to, or associated with, the power system 
is vulnerable to damage or malfunction due to the presence 
of harmonics on the power system. 
Capacitors are probably the most affected by har-
monics, since it is their presence on the power system 
which greatly influence the flow, and most importantly, 
magnitude of harm~nics. The low impedance path that 
they offer harmonics is considered to be the factor 
which often makes the magnitude of harmonic power 
flows greater than what they normally would be, had 
the capacitor not been present on the system. Also, 
there exists the possibility that the presence of a 
capacitor may create a resonance condition for a harmonic 
\ 
which already exists, making a bad situation even 
worse. 6 It is possible, depending upon the phase 
-7-
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relationship between the fundamental voltage and the 
harmonic voltage present due to the increased harmonic 
power flows, for the peak voltage across the capacitor 
• 
to be 10% above its nominal rating, even though its 
RMS value may be below 110% of the nomi11al rating. 
This excessive peak-to-peak voltage may affect the 
useful life of the capacitor, in addition to the har-
monics producing excessive reactive power (VARs).7 
As stated above, power transformers are also 
greatly affected by the presence of harmonics. Unlike 
the situation associated with capacitors, as described 
above, it has been found that there is one harmonic, 
the third harmonic, which is more prevalent than the 
others, which affects the performance of power trans-
formers. Additionally, the effects of this third har-
monic have been found to be much more pronounced in 
shell-type cons·tructed transformers t}1an in the core-
type transformers since the third harmonic is usually 
-
8 
present as a result of transformer design. However, 
recent changes in the phi'losophy of the transformer 
design has made both types of transformers much more 
susceptible to harmonics, and, in some cases the .design 
of tran~formers has been found to actually generate 
' harmonics. In the past, there was a tendency to "over 
-8-
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design" transformers. Now, with cost a primary factor, 
transformer operating points are being designed up to 
the edge of, sometimes even falling into, the non-
linear region of the iron core magnetic characteristic.9 
As will be discussed later in this paper, this current 
trend in transformer design may also cause harmonics 
to flow, depending upon the transformer's excitation. 
Any significant presence of harmonic currents will 
cause additional heat in the windings and increase 
~tray flux losses. A further consequence of the presence 
of harmonics is the possibility of resononace between 
the transformer windings and the system capacitances. 
Transformers have been known to fail as a result of the 
additional heat and iron losses caused by the presence 
f h . 10 o armon1cs. 
Power system switching apparatus is also subjected 
to harmonics. The effects of harmonics on sv.1i tchgear 
range from increased heating as is the case with trans-
formers, to possible failure to interrupt currents. 11 
There are documented cases where air-magnetic circuit 
breakers have failed to interrupt currents having 
high harmonic current. The breaker's blowout coil ~ 
is not designed to operate with high amounts of har-
monics in the current. It is the function of the 
-9-
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blowout coil to aid the arc's movement into 
the arc chute where the interruption takes place. It 
has been determined that the high harmonic content 
of the current (approximately 50%) causes inefficient 
operation of the blowout coil which results in prolonged 
arcing and, eventually, breaker failure. Vacuum circuit 
b k 1 ·t· t h · a· t t· 
12 
rea ers are ess sens1 1ve o armon1c 1s or 10n. 
Until the advent of solid state relays, the effect 
harmonics had on protective relays was never considered. 
The development of static relays initiated the inves-
tigation into the effects distorted waveforms have 
on protective relays, electromechanical as well as 
solid state. Electromechanical relays depend upon 
magnetic fluxes producing a torque resulting in some 
type of movement of a relay mechanism (magnetic disk, 
induction cup, cylinder, or plunger). The device is 
designed to close or open i·ts contacts after a torque 
of selected minimum quantity has caused the relay 
mechanism to travel a predetermined distance. This 
torque is usually proportional to an input voltage, 
current, or --G-0111bination of both. Some relays are 
considered instantaneous, in that it only requires 
the presence of the magnetic ·torque a few hundredths 
( 
of a second to move the relay mechanism (induction 
-10-
cup, cylinder, or plunger) far enough to operate its 
contacts. Other relays are ccnsidered inverse time 
relays in that the operating time delay of the relay 
mechanism (usually an induction disk) is inversely 
proportional to the magnitude of the applied magnetic 
torque. 13 These relays are designed so that these 
time delays can be quite predictable, allowing the 
system relay engineer to accurately determine how long 
it will take the relay to operate. This is necessary 
when determining whether or not coordination between 
relays on adjacent lines exists. 
The initial studies into the effects~ harmonics 
on protective relays found that harmonics on the power 
system do affect protective relays, both electro-
mechanical and solid state. It was found that electro-
mechanical relays which were single input devices, 
utilizing phase shifting circuitry to obtain a quadrature 
flux to achieve torque, operated less efficiently 
when the input signal (voltage or current) contained 
distorted frequencies. The reason for this slower 
operating time is the fact that the circuitry providing 
14 
the quadrature flux is opti·mized for one frequency. On 
induction disk relays, counteracting this slower operation 
due to circuit design is the fact that the synchronous 
-11-
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speed of the disk is proportional to frequency._ Therefore 
waveforms with high frequency components should cause 
the disk to rotate faster. 15 However, tests on some 
relays have shown that this is not always the case. 
Some harmonics, instead of increasing the speed of the 
disk, merely increase heating in the relay. 16 Multi-
input relays are relays which use two, or possibly 
more, inputs to achieve magnetic torque. Two input 
signals of different frequencies will produce an operating 
torque which has an average value of zero. Hence if 
only one signal is distorted, the relay does not exhibit 
any adverse effect from harmonics, except for maybe 
some additional heating. However, if both signals 
contain harmonics, the result may be a chnge in the 
net torque, positiye or negative, depending upon the 
phase relation between the respective harmonic components 
of each input signal. 17 In general, it was found that 
electromechanical relays with high levels of harmonics 
were more likely to operate slower or with a higher 
value of pickup than to operate faster or with a lower 
1 f . k 18 va ue o pie up. 
Solid state relays take. a signal representation of 
some parameter on the power system, and transform it 
down to an acceptable level for use in electronic circuits. 
-12-
Analog electronic circuits then operate on this input 
to determine whether or not a faulted condition exists 
on the system. How a solid state relay responds to 
harmonics is as much a function of its design as any-
thing else. Static relays which operate on peak value 
of the waveform will respond in a different manner 
(which is likely to be more noticeable) than those 
designed to operate on therms value of the waveform. 
Static relays which utilize zero-crossing time measure-
ments for frequency analysis will definitely be affected 
by distorted waveforms. In general, the pickup values 
and time delays of static relays are affected by 
harmonics in much the same was that electromechanical 
relays are affected. This is partly due to the tuned 
networks present in the electronic circuitry, much 
like those in the electromechanical realys. 19 
One area of static relaying which is not yet 
fully developed due to its high cost, is computer or 
microprocessor based relaying. In this type of static 
relay, the analog signal is first digitized. The 
digitized values are then used in computations by 
the system program. In these types of static relays, 
the effect of harmonics on the preformance of the 
relay is determined by the sampling rate of the input 
-13-
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signal and software. The software can be programmed 
·, 
to analyze all non-fundamental frequency components 
up to one-half of the sampling rate. Thus, if a 
harmonic outside the range of the present computer-
based relay is lrnown to exist on that portion of the 
system where the relay is to be installed, or is found 
to be causing problems for an existing computer-based 
relay, the problem can be alleviated by increasing 
the sampling rate for the A/D conversion and making 
the appropriate software changes. The only problem 
with this method is that it adds to the already high 
20 cost of the relay. 
Although it has been shown that harmonics may 
have adverse effects on communication channels, the 
power system, and its associated equipment, their 
effects on customers should not be ignored. When 
discussing the effects of harmonics on customers, the 
customers must be broken down into two basic categories. 
The first category includes those customers that may 
cause harmonics to flow {and inessence are responsible 
for ~reating their own problems), such as any AC/Oc 
' ~ 
conversion customer (battery chargers, photovoltaics, 
etc.). The second group would consist of customers 
who experience adv&F'se effects by harmonics propagating 
\ 
-14-
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through the system. These customers are not responsible 
for causing harmonics to flow. The first adverse effect 
of harmonics which has already been touched upon is 
telephone interference. However, as stated earlier, 
this problem has been greatly allevizted in recent 
years. If harmonics are present at the customer's 
meter, his meter may run faster. This is something 
the customer surely does not want. Also', for residential 
customers, electric time pieces, both analog and digital, 
may be affected. One area which may require more study 
------
is the effect of harmonics on residential service home 
computers. 
For commercial and industrial customers, the 
problems may be of a slightly greater significance. 
For institutions which use harmonics imposed on their 
local system for master control of clocks, school bells, 
etc., any leakage of harmonics from the power system 
into their local system may cause problems with the 
21 control of the apparatus. An area which would affect 
industrial customers is that of the effect on AC.motors. 
Here, there are a multitude·of effec~s, the first of 
'. 
which may be referred to as:the 7th, 1Jth, 19th, ... 
harmonic effect. When these harmonics are present·, 
positive torque will result. A desirable effect if 
-15-
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you want to call it that. The 5th, 11th, 17th, • • • 
harmonics produce a negative torque, a definite unde-
sirable effect. The Jrd, 9th, 15th, ... harmonics 
produce no torque, only heating in the motor windings. 22 
There are documented cases where line currents have 
operated relays set at twice the maximum power of a 
machine when the machine was not even close to approaching 
full load. The problem with one such case was a high 
magnitude 5th and 7th harmonic current present on the 
line. 23 Soemtimes, however, a customer's load when 
connected to the system may appear as a parallel resonance 
t h . 24 o a armon1c. In that case, the customer actually 
causes his own problem, thus placing him in with the 
group of customers which cause harmonic flows. These 
types of problems indicate that the effects of excessive 
~ 
harmonics do go beyond the power system to the customers. 
Having determined that harmonics on the power 
system may have a detrime~tal effect, not only to the 
electric utilities, but customers as well, the next 
thing was to identify the potential major sources of 
harmonics and protect the system from their infiltration. 
The main cause of harmonics is networks which contain 
non-linear circuit parameters. 25 The non-linea:i;,circuit 
parameters causing the distorted waveform may be a 
-16-
saturated magnetic core, a ferroresonance condition 
existing in a magentic core, allowing current to flow 
only for limited periods of time during the sinusoidal 
excitation, or merely non-li~ear volt-amp character-
istics. The effect each non-linear load has on the 
current and voltage waveforms is a function of each 
individual installation, although some groups of equip-
ment as a whole tend to exhibit certain characteristics 
unique to that type of installation. For example, 
I 
the harmonics generated by ~wo different arc furnaces 
will not be exactly the same, bu~ the predominant 
harmonics will probably be very close in order or the 
same. 
The first significant source of harmonics to 
appear on the power system were arc furnaces. Arc 
furnaces cause distorted waveforms due to the nature 
of their operation. Using an electric current to melt 
materials, usually metals, the current-voltage charac-
teristics are constantly changing, depending upon 
the type of material being melted, and the relative 
composition between the liquid and solid of the material. 
Studies have indicated that arc furnaces tend to produce 
distorted waveforms containing predominantly third, 
fifth, and seventh harmonic components. 26 Since it 
-17-
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was found that the harmonics which accompany the instal-
lation are rather predictable and not too numerous, 
it has been possible to significantly reduce the adverse 
effects of these sources by having the customer generating 
-
these harmonics install the appropriate harmonic filters 
to prevent their infiltration into the power system. 
Another major source of harmonics appeared with 
the advent of high voltage AC/DC converters. The pur-
pose of AC/DC converters is just as its name implies, 
to either ccnvert an AC voltage to DC voltage or vice 
versa. AC/DC converters are utilized in HVDC trans-
mission links or batterychargers. DC to AC converters 
are used at the receiving end of a HVDC transmission 
link or by DC cogenerating customers for sale to the 
interconnecting utility. 
The initial AC/DC converters were required for 
HVDC power transmission and were motor-generator sets. In 
an attempt to eliminate the losses present in a two 
machine ccnverter, electronic AC/DC converters can 
now be found with photovoltaic and windmill installations 1 
from which the utility is obligated to purchase any 
excess power these units may produce. The potential 
for more AC/DC converters exists if, due to market 
-18-
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conditions and advancing technology, there i~ a sudden 
increase in demand for electric poered vehicles, since 
the vehicles'batteries will need regular recharging. 
In electronic AC/DC conversion, power is transferred 
between the AC source and the DC source by controlling 
the time of ccnduction of devices called thyristors. 
These devices may be adjusted to conduct for a minimum 
magnitude of line voltage and not to conduct for voltages 
below this minimum (line commutation), or their con-
udction time may be controlled by some other means of 
control (self-commutation). Each interval of time 
a thyristor conducts is called a pulse. With a normal 
three phase supply, and a single three phase transformer, 
six pulses per cycle may be obtained (one positive and 
one negative for each phase). The number of pulses 
may be increased by paralleling transformers with 
predetermined phase shifts between the different banks. 27 
This type of operation has the effect of producing 
a very chopped current waveform, which contains high 
levels of harmonics for a normal sinusoidal voltage 
waveform. Research with these devices has indicated 
that, like arc furnaces, there are certain harmonics 
which are characteristic to these installations. 
The harmonics which will be present on a.power 
-19-
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system with these types of AC/DC converters is a function 
of the number of pulses associated with the converter. 
The predominant harmonics which will be present are 
given by equation (2): 
h = np + 1 (2) 
where n is defined as the harmonic order and pis 
defined as the number of pulses. Therefore, since the 
harmonics which will be pfesent with these types of 
installations are known, preventing their infiltration 
into the power system is possible by incorporating 
the necessary harmonic control techniques into the 
design of the AC/DC installation. These techniques, 
whose operation is beyond the scope of this paper, 
include the use of harmonic filters, a series reactor 
in series with the utility transformer,JO and harmonic 
cancellation transformers.Ji Studies of AC/DC instal-
lations utilizing one or more of these techniques have 
shown just how well harmonics can be kept from entering 
the power system from a known major source.32 
A third source of harmonics which has recently 
evolved is transformer core saturation. With transformers 
being designed to operate as close to the edge of the 
-20-
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nonsaturated portion of the excitation curve as possible, 
any slight overvoltage may result in a distorted waveform. 
The explanation for this distorted waveform can be found 
by examining the saturation curve of a typical distri-
bution transformer, with the abscissa and ordinate 
axes calibrated in percent of rated voltage and current, 
respectively. Tests conducted by the Pennsylvania 
Power and Light Company (PP&L)JJ have found transformer 
excitation curves similar to the one shown below in 
FIG. (1). 
04 / 1,i) 
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FIG. ( 1) 
How an overexcited transformer may produce a distorted 
waveform can be visualized by the linear excitation 
curve shown in FIG. (1). The linear nonsaturated 
region of the excitation curve very nearly approaches 
a vertical line. This means that for any voltage within 
this range which is impressed upon the transformer, 
the required exciting magnetization current required 
to align the magnetic particles is a c:onstant value. 
-2.1-
Hence, for a sinusoidal excitation with its peak-to-
peak voltage within this range, the required magnetizir1g 
current is constant. A sinusoidal excitation with peaks 
beyond this linear range will require additional exciting 
current. This additional exciting current results 
in distorted current waveforms, rich in harmonics. 
The magnitude of current distortion, as well as the 
harmonic content depends upon the amount of the over-
excitation and the v-i characteristics of the particular 
transformer or iron core device. Since each device 
is different and the magnitude of overexcitation cannot 
always be accurately predicted, it is difficult to 
determine exactly which harmonics will be present 
at every installation. However, tests have shown 
that the third harmonic is almost always present with 
this type of distortion and is always the dominant 
harmonic.34 
Another factor which complicates the matter of 
harmonics from overexcited transformers is ferroresonance. 
Ferroresonance occurs when the inductive reactance 
of a rragnetic core electrical device equals any 
capacitive reactance associated with the connected 
circuit, at any frequency. At this frequency, the 
total effective reactance of the circuit is zero and 
-22-
essentially appears as a snort circuit, allowing high 
- . 
magnitudes of current to flow at that frequency. The 
\1b 
inductance of an iron core is variable, since it is a 
function of the current. Therefore, as its exciting 
current is changing, the inductance will likewise change, 
which znay create resonances at more than one frequency 
with the connected capacitances. The resonant fre-
quencies for different transformers are different and 
difficult to predict since they are dependent upon the 
magnetic properties of the iron core.35 
Since transformers are present throughout the system, 
and their magnetic properties may be dissimilar, de-
termining when and where they will produce a distorted 
waveform is quite difficult. The one factor which most 
often leads to distorted waveforms, however, is over-
excitation. If the exciting voltage can be maintained 
at levels which are definitely within their linear region, 
the problem can be greatly minimized. As will be 
derived, there are situations beyond the control of 
electric utilities which may lead to overexcitation 
of transformers and, therefore, harmonic generation. 
-2J-
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CHAPTER 2 
THEORY OF HARMONIC PRODUCTION 
BY SELF-EXCITED INDUCTION GENERATORS 
There are times when the operating voltage of the 
system may be beyond the linear region of the system 
transformers' excitation curve. Until recently the 
chances of this occurring were very slight since the 
characteristics of the system were well defined. The 
recent Public Utility Regulatory Policy Act (PURPA) 
has changed this. The act requires utilities to purchase 
any excess power which a customer may produce from 
his own installation which is supplied by an approved 
type of renewable energy (wind, solar, hydro, etc.) 
at a fair price to both parties. As a result, customers 
have been installing their own generators (cogenerators). 
Often these installations utilize induction generators 
as their electrical generating device due to their 
simplicity and relative low cost. An induction generator 
is basically nothing more than an induction mo-tor 
driven by some prime mover above synchronous speed. 
The "excitation" r .. equired for the generator usually 
comes from the connected power system wh1ch determines 
the ge11erated voltage and frequency. HE!nce, the field 
-24-
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and the prime mover controls associated with synchronous 
machines are not required.37 
The excitation, or magnetizing VARs, required 
by the induction generator is usually drawn from a 
separately excited power system. However, under the 
right conditions, an induction generator may operate 
on its own, without a separately energized power system, 
having its magnetizing current supplied from capacitors.3
8 
If these capacitors had to be ccnnected right at the 
terminals of the machine this would not present any 
great consequence. However, the capacitors which supply 
the magnetizing VARs for these induction generators 
may be located anywhere on the system connected to 
the generator. This is what may cause problems since 
electric utilities use capacitors throughout their 
distribution systems for VAR supply and voltage support. 
As a result of their widespread use, capacitors are 
often fcund on distribution circuits which also have 
these cogenerators connected to them. During the time 
the line and cogenerator are energized from the power 
system, the capacitors and cogenerators do not in 
any way interfere with each other. Problems can develop, 
however, when a fault occurs on the feeder circuit 
which ccntains both capacitors and induction generators. 
-25-
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When a fault occurs on a distribution circuit, 
fault sensing devices operate to isolate the faulted 
.~ 
portion of the line. If the induction generator is 
located on that portion which has become isolated, 
it will try to keep supplying power to the line. A 
permanent fault on the isolated line will bring the 
terminal voltage of the generator down very quickly, 
causing its associated undervoltage relays to operate 
and open the interconnecting circuit breaker, separating 
the generator from the faulted line. However, if the 
fault is only a transient one (as is often the case) 
the induction generator will try to supply the connected 
load. Frequently in this case, the connected load 
is great enough so that the generator terminal voltage 
falls very quickly to a low enough level to operate 
the undervoltage relays and the interconnecting breaker, 
again separating the generator from the distribution 
circuit. However, under the proper combinations of 
load, connected capacitance and machine characteristics, 
the generator may become "seJ.f-exci ted", and maintain 
povie'r flow to the connected load at the proper system 
voltage and frequency. This presents no real concern 
to the utility, provided the power being supplied to 
other customers on that portion of the line is of 
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acceptable quality (is within proper voltage limits 
and acceptable waveform). Sometimes, however, due to 
machine and circuit characteristics, the generator 
terminal voltage may actually increase. This occurrence 
presents a real concern for utilities. If the voltage 
increase were to go unchecked, the other customers 
com1ected to that circuit would be subject to over-
voltage, something which is not desirable for the 
utility or other customers. Therefore, relays are 
required to detect this ccndition so that the generator 
mayibe tripped off. However, this overvoltage condition 
may also cause excessive harmonics due to overexcited 
transformers. Not only does this further degrade the 
quality of power being supplied to the other customers, 
but this may also cause the overvoltage relays to not 
function,39 hence the generator will continue to generate 
and supply unacceptable quality power to the other 
customers with no means of detection. Although the 
chances of this condition arising are not great, it 
is a concern to electric utilities. 
The first aspect of this problem which must be 
addressed is determining what system conditions may 
lead to the self-excitation of an induction generator, 
and which of these conditions may result in overexcitation 
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of system transformers and excessive harmonic flows. 
The equivalent circuit40 for an induction generator 
is shown below in FIG. (2). This equivalent model 
is for all quantities referred to the stator 
X r X 
r s s 
I Im r 
r E r a X Ro 
---s m 
FIG. (2) 
where 
s 1 
Et 
X =rotor reactance 
r 
X =magnetizing reactance 
m 
Xs=stator reactance 
rs=stator resistance 
rr=rotor resistance 
s = slip 
'. Et=terminal voltage 
Ea=air gap voltage 
R =core loss shunt 
0 
For most cases, the no load active current can be 
considered as part of the magnetizing current and the 
core loss shunt resistance (R0 ) can be neglected with 
little loss in accuracy. The resulting representation 
is shown in FIG. {J). 
r X / r r 
s E 
.a 
I 
r 
s 
I 
m 
X 
m 
FIG. (J) 
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With a basic understanding of the operation of induction 
machines, the method by which an induction generator 
may become self-excited can be determined by analyzing 
the above model under loaded and unloaded conditions. 
When excited by an a-c source, a rotating flux is 
established in the air gap. When operating as a motor, 
this rotating flux induces a current and voltage in 
the rotor and the rotor rotates at some speed less 
than the synchronous speed of the flux. If the rotor 
is driven by some prime mover at synchronous speed, 
no voltage is induced in the rotor since there is no 
relative motion between it and the revolving magnetic 
flux. If the speed of the rotor is increased above 
synchronous speed by the prime mover, there is a reversal 
in the relative direction of rotation between the rotor 
and the flux. With this reversal, the voltages and 
current induced into the rotor are also reversed and 
power is transferred into the stator. Within the gen-
erator there is a flux generated by the current in the 
rotor41 . The current in the stator can be broken 
down into two components. One component is defined 
as the load current, which produces an mmf within the 
machine opposite in polarity and equal in magnitude 
to the flux produced by the rotor current. The 
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remaining component of the stator current is defined 
as the magnetizing current which is required to create 
the resultant air gap flux. The resultant air gap 
flux is a function of the magnitude of the air gap 
voltage, which is t hE' counter emf generated by the 
synchronous rotating air gap flux. A study of FIG. (3) 
shows that the difference between the air gap voltage 
and the terminal voltage is given by equation (J). 42 
and that E is defined as 
a 
E 
a 
Although X is a function of the air tap voltage, for 
m 
small voltage variations it is sufficiently accurate 
to ccnsider X a constant. 43 The flux linkages in 
m 
(J) 
(4) 
the rotor are given by equation (5), w=angular frequency: 
~ r -
I (X + X ) 
r r m 
w 
-
I X s m 
w 
~ From the model in FIG. (3), Ir can be defined as 
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(5) 
I + 
s 
Et+Is(rs+jXs) 
·x J m 
(6) 
Substituting the relation in equation (6) into equation (5) 
yields 
X +X 
r m 
wjXm 
W,hic}-1 reduces to 
x2 
-m Et+! (r +jX +jX) - j 
s s s m X +X 
X +X 
r m 
wjX 
m 
X' = 
r m 
Et+I (r +jX') , where s s 
X X 
m r + X 
X +X 
m r 
• s 
, 
Also, since there is no separate excitation voltage 
(7) 
in the rotor, the sum of the voltage induced by the 
changing flux linkage and voltage produced by the rotor 
44 
current and resistance must equal zero . 
I r + 
r r 
d,\ 
dt 
r 
- 0 
With these basic relationships, the operation 
(8) 
of the generator under loaded and unloaded conditions 
can be analyzed. Let e be defined as the open circuit 
terminal voltage for a given rotor current Ir (Ir=Im). 
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For this condition, e can be defined by equation (9) 
and is equal to the air gap voltage: 
e - I jX . 
r m 
Substituting the relation in equation (6) for Ir gives 
r+j(X+X) 
s s m • 
(9b) 
If the generator had an external excitation and the 
rotor was driven at synchronous speec, (i.e., s=O, 
no power being generated) this air gap voltage would 
be defined by rearranging equation (3) to read 
(10) 
Let e' be defined as the voltage that would exist at 
the ter·minals of the generator immediately after the 
generator is disconnected from a separately energized 
power system, while the generator is carrying load. 
Aga:/l, as was the case with the no-load condition, 
after the generator is isolated from the power system, 
this voltage is equal to the air gap vo1-tage which 
was present prior to the disconnection, and was defined 
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in equation (9) as IX = E = e'. The flux linkages, 
r m t 
~r present in the rotor prior to disconnection is 
given by equation(?), The flux linkages,Ar' after 
the generator is disconnected can be found from equation 
(5) with I equal to O, yielding s 
( I (X + X ) 
,X r r m -- • 
rafter w 
' From the theory of constant flux linkage it is known 
that Ar 
before 
X + X 
r m 
wjX 
m 
- )\. , so 
rafter 
Et+I (R +jX') 
s s 
solving for Ir yields 
t=O+ 
t=O 
I ~(X + X ) 
r r m 
w 
t=O+ 
(11) 
I 
r 
Et+ I ( r + j X ' ) s s 
1 
·x 
• 
( 12) 
t=O+ J m t=O-
Substituting this value into equatior1 ( 9) yields 
-
e' - Et+I (r +jX') s s t=O 
From equations (7) and (13), the rotor flux linkages 
can be written as 
-33- · · · 
(1J) 
.. 
;[ 
• 
, 
• 
,\ r = 
Substituting equations (9) and (14) into (8) yields 
·x J m wjX m 
which simplifies to45 
X + X 
e + 
r m 
wr 
,. r 
0 ' 
de' 
at - 0 • 
This is analogous to the equation used in transient 
analysis of synchronous machines: 
de' 
dt 
,. 
d 
- e 
X • 
In our case, e =O, e d anded' are similar toe and 
X O X +X 
r m 
e', respectively, and Tdo can be equated to wrr 
which is commonly referred to as the open circuit 
transient time constant of the induction\nachine. 46 
' 
(14) 
(15) 
(16) 
St~rting with equation (16) and representing the 
system and load as a series impedance R + jX, the 
generator behavior can be analyzed for some remote 
sectionalizing device isolating it from the rest of 
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the power system. The terminal voltage Et can now 
be written as 
(17) 
Utilizing the relationship in equation (17) and 
substituting into equation (1J), e' can be defined.as 
Et(r +jX') 
e' - E + 8 - Et 
t (R + jX ) 
e e 
R +r +j(X +X') 
e s e 
• 
(18) 
Substituting equation (17) into equation (10) yields 
the following definition fore 
e = 
Et(r +jX +X) 
E ..- s s m 
t (R +jX) 
e e 
R +r +j(X +X +X) e s . e s·.·. m · 
----------
. 
R +jX 
e e 
Substituting the new relationship fore and e' into 
equation (16) yields the following: 
._ 
R + j (X + X + X ) X +X (r+R )+j(X+X') dEt 
Et 
e e s m + 
m r s e e 
• at 
R +·x R +·x e J e wr e J e r 
-
-
Which can be written as 
wrr r +R + j (X +X +X s e e s m + 
r +R +j{X +X') 
s . e e 
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d.Et 
dt 
= 0 , 
-
-
(19) 
0 (20) 
(21) 
. 
' 
where equation (21) can be expressed in the familiar 
differential equation for46 as 
dEt 
Et~+ - 0, 
dt 
(22) 
where t = rJ..- + j ~ • To determine 0(. and 13 , the following 
substitutions are made and the real and imaginary 
components are separated: 
define r + R - R1' -s e 
X + X + X - Xl' and -e s m 
X + X' - x2. -e 
Substituting these values into the above equation 
yields: 
wr Rl-!1 jX1 R1-jX1 Ri+X1X2+j{RiX1-R1X2) r 
-
R2+X 2 -• • -X +X R1+jX2 R1-jX2 m r 1 2 
-
2 
wr f R1+XlX? 
o( = r 
.l Rz+xz • X +X 
m r 1 2 
Resubstituting for R1 , x1 , and x2 yields 
o<. = 
... wr 
r 
--· X +X 
m r 
(r+R )2+(X+X+X )(X+X') 
s e e m s e 
-
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(23) • 
and, 
\j 
wrr 
(X +X ) 
m r 
( r 8 +Re ) (Xe+ X s + Xm) - (Xe+ X ' ) - wr r 
__ (_r_+ R-) ... 2_+_(_X_+_X_'_)...,2 ___ · ( Xm+ Xr) 
s e e 
_J 
which reduces to 
• 
The solution to the differential equation (22) is 
-~t E - E.e 
l 
which can be rewritten as 
, 
(24) 
(25) 
-oL-t -j /!>t E - E.e e 
l 
(26) 
where E. is given by the initial conditions e'(t=O)= 1 
e'., where e'. is the terminal voltage of the generator 
l l 
immediately prior to the isolation of the generator 
and its associated protion of the distribution feeder 
from the rest of the power system. Therefore, 
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e' . = E = · I (r + J'X'' 
1 t S S ' 
-t=O 
+ 
r +R +j{X +X') 
s e e 
e' ( t= 0 ) = E. l 
Therefore, 
E. - e ' . 
l l r +R +j{X +X') 
s e e 
• 
- e ' . . 
l 
(27) 
(28) 
Whether the voltage increases or decreases is determined 
by the first term in equation (26), e - rJ. t. If • lS 
positive, the voltage will decay. Ifo<. is negative, 
the voltage will increase. Whether~ is positive or 
negative can be determined by examining equation (2J): 
o( -
wr 
r 
---· (X +X ) 
ffi I' 
(r +R ) 2+(X +X +X ) (X +X') 
s e e s m e 
(r +R )2+ (X +X' ) 2 
s e e 
• 
The only characteristic which can realistically be 
negative is Xe' the equivalent system reactance. 
With this in mind, further analysis reveals that the 
sign of o( will be determined by 
(r +R )2+(X +X +X )(X +X') 
s e e s m e 
, (2Ja) 
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since the term (Xe+X') 2 in the denominator will alwa
ys 
result in a positive quantity. For to be ne
gative, 
all three of the following conditions must 
be satisfied: 
(X +X +X )(X +X') 
e s m e 
X < 0 
e 
If the conditions in equations (29a), (29b), 
(29a) 
(29b) 
(29c) 
and (29c) are satisified, the terminal voltage wil
l 
not increase indefinitely, as defined by 
equation (26). 
In actuality, the magnetizing reactance, 
Xm, will 
decrease as the voltage increases until f
inally reaching 
a value where (r +R )2=(X +X +X )(X +X'). Consequ
ently, 
s e e s m e 
oc will go to zero, resulting in a consta
nt terminal 
voltage. 47 
Care must be taken when utilzing equation
 (2J) 
to investigate for possible self excitatio
n. The R e 
and X terms represent the equivalent sys
tem load and 
e 
reactance as a series impedance. The cap
acitors con-
nected on the line are in parallel with t
he feeder 
load. This parallel combination must be 
converted 
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into a series equivalent for use in equation (2J). 
This elementary transformation is shown in Appendix II. 
The effect of this increase in terminal voltage 
of the generator on the wave shape of the load current 
is dependent mainly upon the magnetic core character-
istics of the system transformers connected to this 
self-excited generator, although the ferroresonant 
characteristics of the generator core may also have 
some influence on the wave shape. In order to learn 
which harmonics and their respective magnitudes will 
be present for this condition, a specific installation 
will be analyzed. 
The installation which will be examined for poten-
tial self excitation is the Middle Creek Hydroelectric 
Cogenerator connected to the Penns 23-1 12.47 kv line 
of the Pennsylvania Power and Light Comapny (PP&L). 
This installation consists of a single J50kw, J-phase, 
2400 volt, tD hz, 1200 rpm induction generator with 
a full load efficiency of 94.5%. PP&L has performed 
extensive tests on distribution transformers typical 
of their system to obtain an accurate representation 
of the transformers' excitation characteristics. A 
one line diagram showing the distribution feeder, 
generator location, capacitor installations, and 
-40-
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automatic sectionalizing devices is shown below in 
FIG. ( 4) • 
23-1 12.47kv line Selinsgrove 
Penns 
69/12kv OCR 
Substation 24474S53391 
Middle Creek 
Hydro 
UG cable 
900 KVAR capacitor 
•• 
,; 
FIG. (4) 
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The biggest problem in examining for potential 
self excitation of induction generators is determining 
the equivalent values of r, X, X, r, and X of 
r r s s m 
the respective generator from the information supplied 
by the manufacturer. For this specific installation, 
the manufacturer supplied the efficiency, power factor 
and line currents for half, three-quarters, and full 
load conditions, the no load power factor, full load 
RPM, and no load saturation curve. This information 
can be found in Appendix I. 
The characteristic value easiest to determine 
form the manufacturer's data is the magnetizing 
reactance X • ~his value can be found by going to the 
m 
no load saturation curve and reading the line current 
at rated voltage. For this particular machine, rated 
voltage at no loadrfesults in a current of 36 amperes. 
For this particular condition the power factor is 
given as 4.9. This yields an active core loss current 
given by: 
I 0 r - 0.049 x J6 - 1.76 amps . (30) 
This gives a core loss shunt resistance of 
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2400 
- -
- Jl/2 1.76 - 787 .J n . 
The reactance magnetizing current is found by 
I - J6 x sin(cos- 10.049) 
m 
- 36 x sin(87.19°) - 35.96A. 
The magnetizing impedance is given by 
X 
m 
- jJS.53..n., 
and the overall effective impedance of R0 rand Xm is 
"R X J or m 
which reduces to 
jJOJJ4.67 
787.53+jJ8.53 
-
-
j{787.J)(J8.5J) 
~ (787.3 + jJ8.53) 
JOJJ4. 67 /,,90° 
7ss.23 L2.s0 
, 
Had the no load saturation current been considered 
{Jl) 
(32) 
(33) 
(J4) 
to be purely reactive {i.e., neglecting the R element or 
of FIG. (2)), Xm would be determined by: 
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• 
VtL-L 
-
31/2 J6 -
2400 
-Jl/2 J6 -
(J5) 
It is evident from comparing the values of equation
s 
(J4) and (35) that the previous assumption that R0 r 
can be neglected with little loss of accuracy is va
lid, 
' and the model of FIG. {J) can be utilized for this 
particular machine. 
Based on the efficiency for various load conditions
, 
the value for the sum of r and r can be determine
d. 
s r 
The losses in the machine constt of I
2R losses in 
the stator and rotor, and relatively constant losse
s 
due to friction and windage. These losses can be e
x-
pressed in the form of equation {J6), 
eI2 (r + r) + K - total losses, s r 
(36) 
where K is defined as the constant losses, expresse
d 
in watts, and the total losses found in equation (J6) 
are also expressed in watts. 
By solving equation (J6) simultaneously for dif-
ferent load conditions, a value for the sum of r ar
td 
. 
r 
rs can be determined. Although each solution shoul
d 
produce the same value, it is possible that differe
nt 
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solutions will produce different values, in which case 
an average should be taken. Substituting this average 
value into each of the equations for the different 
load ccnditions, an average value for the constant 
losses can be determined. Continuing with the data 
supplied for this particular machine in Appendix I, 
the loss equations for full, three-quarter and half 
load may be written as 
FULL LOAD: J(106.5) 2 (r +~ )+k = 20.J?O watts s r 
1/2 LOAD: J(62.5) 2 (r +r )+k = 11.567 watts s r 
{J6a) 
(J6b) 
(J6c) 
Solving equations (J6a) and {J6b) simultaneously 
yields a value of 
Solving equations 
O.J84 for the term (r +r ). s r 
(J6b) and (J6c) simultaneously yields 
a value of 0.410.0. for the term (rs+rr). The simul-
taneous solution of equations (J6a) and (J6b) 
yields a value of 0.395..n . Averaging these three 
values together gives a value of 0.396.n for (r +r ). s r 
A vector diagram, shown in FIG. (5), illustrating 
the relative quantities of an induction machine can 
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now be utilized to extract the specific values for 
rr and rs' as well as the values for Xr and Xs, 
FIG. ( 5) 
In the above diagram, Im is drawn on the horizontal. 
In reality, this vector would be located in the first 
quadrant, lagging Vt by 87.2° (0.049 pf). However, 
it was previously proven that disregarding the slight 
real component of this current introduces very insig-
nificant error. Thus, the value of I is shown on m 
the horizontal. From this vector diagram, the 
following relationships can be defined for the different 
49 
load c mdi tions. 
I sin(p) + I = Issin(is) , r r m 
I cos(p) - I cos(p) . 
r r s s 
-46-
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(38) 
.• 
Examining these relations at full load yields 
I sin(i) + J6 = 106.5 sin cos- 1(o.8J?) 
r r 
I sin(i) - 22.28 
r r 
I cos(~)= 89.14. 
r r 
The magnitude of Ir is defined as 
1/2 _ 91.88 amps. 
The angle¢ is determined by 
~ -1 (22.28) 
Pr - tan {89.14) - 14.o4°. 
Now that Ir is known, the rotor resistance can be 
determined from the induction machine equation for 
mechanical power.so 
(JI2 • r) 
r r 
s 
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i~ 1 - s) • 
. ' 
(39) 
(40) 
• 
.. 
• 
The only value which is not known for this equation 
is the slip, s. For this it will be necessary to make 
a reasonable approximation for slip based on the size 
of the machine. For machines of this relative size 
(350 kW, 1200 rpm) a typical value for full load slip 
is 1.67%, Substituting this value into equation (40) 
yields 
(3)•(91.88) 2 rr 
0.016? A 
solving for rr yields 
_ 350,000 
0.9833 , 
• since (r + r ) = r s 0.396..CL (found by simultaneously ,.. 
(J6a),(J6b), and (J6c)), rs is solving equations 
equal to 0.396 - 0.2J5, or 0.161.!l. Utilizing the 
value of~ determined by equation (40) and the fact 
r 
that tan(p) = (x + x )/(r + (r /s)), the quantity 
r r s s I r 
(X + X) can be found by substitution: 
r s 
0.250 -
(X +X ) 
s r 
0 161 + O •2 
· . 0. 0 
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Once again, an approximation must be made to complete 
the analysis. For machines of this size, Xs is slightly 
greater than Xr' although not by an appreciable amount. 
Therefore, assuming that Xs is 53% of the sum of Xs 
and Xr yields: 
) 
./ 
X - 1. 888 -'1.. 
s 
X - 1.674..n 
r 
The effects of the error due to this approximately 
50% split assumption between X and X is minimai.5 1 
s r 
A summary of the machine characteristics is listed 
below, given in ohms and in per unit on the machine 
base (418 KVA) and the power system base (10,000 KVA). 
PER UNIT 
OHMS 418 KVAB 10,000 KVAB 
X jJ8.49 j2,793 j66.8182 m 
X jl.886 j0.137 jJ.278 s 
X j1.672 j0.121 j2.894 
r 
r 0.235 0.017 o.4067 r 
r 0.161 0.012 0.2871 
s 
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Now that all of the necessary machine values have 
• been determined it is possible to complete the analysis 
of the Middle Creek Hydroelectric Cogenerator for possible 
self excitation and ~vervoltage. In order for an 
induction generator to become self excited, there are 
certain conditions which must be met. First, the 
possibility that the generator may become isolated from 
the power system must exist. Since -the PP&L 12kV 
system is operated radially, any condition which would 
cause the Oil Circuit Reclosure (OCR) at pole 
24474853391 or the substation circuit breaker to operate 
would isolate the generator. Secondly, there must 
be sufficiently connected capacitance on the_J.ine to 
supply all of the necessary magnetizing VARs of the 
machine (X +Xm//X ). Any value of capacitive reactance s r 
less than this would be unable to support self excitation. 
Finally, although there are mathematical equations to 
represent the interaction of the machine with the 
system for various load conditions, common sense 
dictates that the connected load to the generator 
upon isolation should be no greater than the rating 
of the generator, since the maximum available 
mechanical energy input is equal to the rating of 
the machine. It is highly doubtful that this 
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• 
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• 
/ I 
installation could supply the entire load of this 
distribution feeder, hence the case of self excitation 
for operation of the station circuit breaker can be 
discounted. However, with the operation of the OCR 
at pole 24474S5JJ91, the generator is not only isolated 
from the power system, but is also isolated from a 
significant portion of the feeder load (Susquehana 
University and part of the town of Selinsgrove). 
Late winter load samples taken in the early morning 
hours, usually a high demand period on non-industrial 
feeders of this type, on the portion of the feeder 
beyond the OCR, revealed a load of approximately 1100kw. 
Hence, it is very possible that during traditionally 
light load periods (mid-mornings and afternoons in 
late spring and early fall) the load on this portion 
of the feeder may approach 350 kw, the rating of the 
generator. This fact, combined with the existence 
of the underground cable on the feeder (UG cable has 
high capacitive characteristics) and the sizable 
capacitor support located near the machine (900 KVAR 
bank), make this installation a prime candidate for 
self excitation. 
A good scenariQ to analyze for this installation 
is 900 KVAR connected capacitance (capacitance from 
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the UG cable is neglected, although it must be remem-
bered that this will compound any problem) and a feeder 
~ 
load of )50 kw (exactly matching that of the generator). 
This represents· R1 = 28.57 pu and Xe= -11.11 pu 
(10,000 KVA base). Substituting these values in the 
transformation formulas of Appendix II yields an 
Re of 3.753 pu and Xe of -9.6513 pu. Substituting 
these values, along with the pertinent machine equivalent 
values previously determined into equation (2Ja) yields 
a result of -201.142, which indicates that self 
excitation will occur for this condition. Once it has 
been determined that self excitation will occur, the next 
item which must be determined is the maximum value 
that the voltage will rise to. This is determined 
by finding when equation (23a) will go to zero. 
Although this could be found by rearranging terms and 
solving the basic quadratic equatirrs, the solution 
can just as easily be found by trial and error with 
a programmable calculator. For this particular example, 
equation (2Ja) will go to zero for Xm approximately 
equal to 10.34 pu. On the machine base of 418 KVA 
this equates to 0.4J pu, or 5.96..n.. Going along 
the machine saturation curve to the furthermost point 
yields an X of approximately 19..n. At tnis point, m 
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the terminal voltage is approximately 2900 volts, 
almost 121% of the rated voltage, where this value 
is in fact not the final operating point of the machine 
as defined by equation (2Ja). The results of equation 
{2Ja) dictate that the terminal voltage will be greater, 
where the actual value is difficult to ascertain since 
the farthest point of the saturation curve has already 
been analyzed. The behavior of the saturation curve 
beyond this point is difficult to predict, although 
the curve will probably begin to approach a horizontal 
line. A rough extrapolation of the curve yields a 
horizontal asymptote of approximately 3000 volts, a 
125% overexcitation. 
Observation of the transformer saturation curve 
of FIG. (1) reveals that the linear range of operation 
extends to 1.10 pu excitation. Any excitation beyond 
this point will begin to produce distorted currents. 
At 120-125% of excitation, the transformer is well 
beyond its linear region of operation, and is into 
its saturated region.52 Further tests conducted by 
PP&L on typical distribution transformers, with this 
magnitude of overexcitation (120%), produced voltage 
and current waveforms similar to those shown in FIG. (6). 
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FIG. (6) 
These waveforms were measured with a digital oscilloscope 
and recorded on floppy disks for computer analysis . 
. 
The computer analysis of the voltage waveform revealed 
the presence of harmonics up to the 24th, with the 
• 
most significant harmonics being the third (15% of 
the fundamental), fifth (8% of the fundamental), and 
ninth (J.5% of the fundamental). This computer analysis 
does not include any harmonics which may occur due to 
saturation within the generator or the existence of a 
ferroreso11ance condition, where these types of harmonics 
may only compound the problem. 
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CHAPTER J. 
DEVELOPMENT OF A DETECTION SCHEME FOR 
EXCESSIVE HARMONICS PRODUCED BY 
I 
SELF EXCITED INDUCTION GENERATORS 
Standard protection for overvoltages of the 
magnitude associated with the Middle Creek Hydroelectric 
installation described in Chapter 2 consist of over-
voltage relays set to operate at 105% of nominal voltage. 
Superficially, it appears as if the standard overvoltage 
relays will operate for this condition and prevent 
the infiltration of any harmonics which may be generated 
until the performance of these relays with distorted 
waveform inputs is analyzed. Tests conducted on voltage 
relays with distorted waveforms for excitation reveal 
an increase in operating time as well as an increase 
in the relay pick-up value, where this increase is 
found to be as much as 25%, even for relatively low 
levels of distortion.53 Hence, there is no guarantee 
that the overvoltage relays will operate for this ~condition, 
and, therefore, a need exists for some type of protection 
which will be more reliable than the overvoltage relays 
in detecting overvoltages in distorted waveforms. 
One alternative to the detection of these harmonics 
(• 
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is possibly the prevention of self excitation. This 
is not always possible as is evident in this case, 
since the one thing which would prevent self excitation, 
removal of the line capacitors, is not feasible sicne 
the capacitors are required for voltage support on the 
line during normal operating· conditions. Another 
solution would be to install a direct transfer trip ~ 
. 
link between the OCR and the customer's point of contact 
(POC) CB. This link includes a communication channel 
(optical fiber, hard wire, microwave, etc.), a trans-
mitter at the OCR to transmit whenever the OCR trips, 
and a receiver at the customer;s POC. These types 
of schemes are very expensive, costing two to three 
times as much as this cogenerator installation. Thus, 
this mndition is not preventable and some form of 
protection is required. 
The first links in detecting harmonics on the 
power system are the voltage and current transducers. 
In order to accurately detect harmonics on the power 
system it is first necessary to obtain a signal which 
is an accurate representation of the waveform on the 
-~ 
power system at levels suitable for the detecting device. 
Ideally, the transducers should not distort the signal 
in any way. In reality, the object is to keep this 
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distortion to a minimum. The main types of transducers 
used to obtain representative signals of system currents 
and voltages are current transformers and potential 
transformers. 
Results from tests on commercially available 
CTs indicate that frequencies up to 20kHz we-k trans-
formed with less than 3% error, for loads less than 
10A.54 Tests·conducted on commercially available 
PTs reveal that their frequency response is a function 
of the connected burden. For burdens of 103 ohms 
or more, the PTs were found to be able to reproduce 
signals up to 10kHz with less than 3% error. For 
burdens of 102 ohms, the frequency response (of 3% 
maximum error) dropped to anywhere from 1kHz to 6kHz, 
depending upon the voltage rating of the PTs.55 From 
these results, it is observed that CTs can be expected 
to accurately reproduce most any signal which may 
appear on the power system (20kHz is well beyond the 
300th harmonic). However, caution must be exercised 
if PTs are to be utilized (1kHz=15th harmonic). If 
PTs are going to supply the excitation for any harmonic 
detecting device, it should be determined that the 
device's burden is such that the PT will accurately 
transform the frequencies that are to be detected 
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(especially of those harmonics to be monitored are 
above the 15th harmonic). 
Now that the frequency response of the transducers 
• 
has been determined, the requirements for the detecting 
device can be developed, First and foremost, the device 
should be capable of handling the frequencies which 
it is required to detect. This demands either some 
knowledge of the frequencies expected for a particular 
installation, or the use of a device with a cut off 
frequency well above any expected harmonic frequency. 
The more practical approach would be to design the 
cut off frequency to be as high as possible, allowing 
one standard device to be used at many different instal-
lations, For example, the particular installation 
under study only exhibits frequencies up to the 24th 
harmonic, but other installations are known to exhibit 
frequencies up to the 50th harmonic. Another area of 
concern is the shape of the response curve, The 
response should be relatively flat throughout the range 
of expected frequencies since it is very undesirable 
for the device to be activated simply because it was 
exposed to one frequency at which it was more sensitive 
than other frequencies. Another factor, which is 
associated with transducer frequency response, is 
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device burden. If the device is going to be durrent-
excited, its burden should be as low as possible {at 
least less than 10.0. ). If potential excitation is to 
-'\ 
be utilized, the burden should be as high as possible 
(at least 103.Jl- ). The development of this detection 
device should also consider the use of an adjustable 
trip setting, allowing for maximum versatility. While 
one location may be subject to 25% harmonic distortion, 
others may be subject to less. Hence, if the device 
is designed to trip at only one, permanent level, 
its usefulness is limited and it may not operate properly 
at other locations. One final factor, which may be 
the most significant, is cost. In considering the 
cost, the purpose of the detection device must be 
kept in mind, where for this particular case, the 
detection device is being used to prevent a small 
{J50kw) induction generator from producing harmonics 
on a 12kV distribution feeder. Although the harmonics 
are undesirable, the cost-benefit ratio of the device 
" 
must be considered. Obviously, the consequences of 
harmonics produced by this installation are minimal 
and are not of as great a concern as those from 
4,000 hp SCR-controlled DC motor on t.he 69kV system. 
' As a result, an electric utility would be willing to 
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spend more money to assure prevention of pollution 
.. 
-
form the SCR-controll~d motor than from a small generator. 
In summary, the factors to be considered in designing 
the harmonic detection device includes 
1) capable of operation over large bandwidth, 
2) device burden 
a) low burden for CTs, 
b) high burden for PTs, 
3) adjustable trip setting, and 
4) cost. 
Now that the requirements for the harmonic detection 
device have been established, different methods which 
may be used to accomplish this objective can be 
explored. With the current proliferation of minicom-
puters and microprocessors, the first method of detecting 
harmonics which comes to mind is one which utilizes 
some type of digital computational system. Ideally, 
it would seem as if this type of detection system would 
satisfy all of the given technical constraints. In 
particular, the bandwidth of a given minicomputer or 
microprocessor is limited only by its sampling rate 
and associated software.. Addi ti·onally, the burden of 
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the device can easily be controlled and the "trip 
settings" can be adjusted in the device software. 
The use of microprocessors in protective relaying is 
not a new idea, as there are many protective relay 
schemes for transmission lines commercially available 
which itilize microprocessors. However, detecting 
,harmonics cannot be compared to detecting transmission 
line faults. 
There presently exist spectrum analyzers which are 
capable of digitally analyzing a given signal for fre-
quencies as high as the 60th harmonic by using well-
known fast Fourier transform (FFT) algorithms. These 
analyzers, however, either require a magnetic disk 
recording of the signal being analyzed or a memory 
which stores a predetermined number of samples of an 
on line signal. Once the samples have been processed, 
they 2re erased from memory and a new set of samples 
are obtained. Hence, the on line technique does not 
monitor all of the signal. The reason for this is 
obvious when the necessary sample rate and process 
time are reviewed. To accurately evaluate the 60th 
harmonic (J600 hz) requires a sampling rate of 7200 hz, 
as defined by the Nyquist criteria. A sampling rate 
of 7200 hz allows the processor appro~imately 1J8 
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microseconds to canpletely analyze the preceding J600 
samples, if the signal is to be continuously monitored. 
Even if the desired upper frequency were decreased to 
900 hz, detection would still require a sampling rate 
of 1800 hz, limiting the processor to 550 microseconds 
between samples to analyze 1800 samples. The speed 
of today's processors does not allow a complete analysis 
of such a large number of samples in such a short period 
of time. A viable alternative used by state of the 
art real time spectrum analyzers is to alternately 
sample and process for selected periods of time as 
previously described. Once this information has been 
processed, and the harmonic spectrum obtained, adding 
additional software to check for excessive harmonic 
content (and produce some sort of control signal) should 
not be that difficult. The biggest drawback to schemes 
similar to this is cost. The spectrum analyzers presently 
available cost thousands of dollars, even before the 
comparison software and logic necessary to produce 
an external signal for excessive conditions is added. 
Another potential drawback to use of solid state 
processing devices is operation within a hostile 
environment. Tl1ese analyzers function well in a 
laboratory setting, but the effects of high amounts 
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of RF and other electromagnetic fileds (often present 
at substations) on the processing device have not yet 
been fully examined. Clearly, the ideal solution would 
be to have the samples transmitted from the substation 
to the remotely located detection device, where a means 
must also exist to send a control signal back to the 
substation. The development of optical fiber technology 
may not only make this possible, but may also help 
solve the other major problem, cost. A central 
processor utilizing a fiber optic communication channel 
may be able to monitor several installations. Although 
monitored continuously, 
t 
each installation would not be 
instead sharing processor time with other installations, 
each installation would still be evaluated on a regular 
basis, for example, every two or three seconds. This 
evaluation should be frequent enough to allow prompt 
detection of harmonics at a particular site, while 
"sharing" the high costs of the processor with other 
installations. 
Although the above solution may be economical 
for many large industrial customers, it is not viable 
for installations with ~mall inductive generators, 
such as Middle Creek Hydro. A more economical and 
reliable ~ethod for detecting harmonics Jin this case 
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those produced by an overexcited generator) is still 
... 
required. Additionally, in light of the above discussion, 
it can be concluded that any method of excessive harmonic 
detection in these smaller installations will have to 
be accomplished in the analog mode to be economical. 
When using an analog harmonic detection scheme, care 
mus~ be taken to assure that the analog circuitry 
does not introduce any significant distortion into 
the signal. Ideally, all non-60 hz frequency components 
should be separated from the fundamental frequency 
to provide accurate harmonic detection. The level 
of the non-60 hz frequencies· should then be compared 
to determine if an excessive harmonic condition exists. 
The method utilized to provide this frequency separation 
and comparison will thus determine the accuracy and 
reliability of the scheme, much the same way that the 
sampling rate and software determine the accuracy of 
a digital detection scheme. 
Separating out the non-60 hz portion of the signal 
is not difficult and can easily be obtained by known 
filtering techniques. In particular, filters can 
be designed which will separate the various expected 
harmonics from the 60 hz signal. This requires some 
knowledge of which harmonics will ·be present. In 
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order to make the device more versatile, a variable 
filter network could be formed using varlable capacitors. 
A more difficu.l t problem associated with an analog 
harmonic detection scheme is providing a method of 
determining when an excessive harmonic condition exists, 
which requires that the magnitude of non-60 hz signal 
\ 
present be compa~ed against a predetermined reference 
value. If the ITB.gnitude of the no11-60 hz frequency 
components is found to be greater than the reference 
level, there must be some way to initiate tripping of 
the interconnecting circuit breaker. 
To determine if an excessive harmonic condition 
exists, the outputs from these filters could be compared 
against a reference voltage. However, a problem arises 
in the com:p3.rison of these two quantities when it is 
remembered that the quantities being compared are both 
AC signals, and that any phase angle difference between 
the two voltages could result in a "desensitized" device. 
The ideal solution would be to compare DC quantities. 
This can be accomplished by placing a full wave rectifier 
immediately following each filter. The DC level at 
the output of the rectifiers should be an accurate 
representation of the level of the particular harmonic 
present. To achieve a "smooth" DC output, filter 
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capacitors could be added to the rectifier. The affect 
on the overall frequency response attributed to the 
addition of, the rectifier and capaci to~,s is minimal. 
A block diagram of the system developed is shown 
below in FIG. (7): 
-• 
aN 
-
-
Fx Rect. t-----..t 
-
Cl 
-
+ ~1 
18 
-
-
Cx FIG. ( 7) 
where F denotes a bandpass filter at a predetermined 
frequency f , R denotes a relay coil, and Cx denotes 
X X 
a relay contact. The reference voltage applied to 
the canparator can be a predetermined DC voltage obtained 
by a constant voltage source and a rheostat, as shoVi/11 
in FIG. (7). Use of a rheostat and voltage source 
make the device more versatile by allowing different 
"set" levels. The initiation to trip the circuit 
breaker is accomplished by the output of the comparators. 
Whenever the input to a comparator exceeds the set 
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level of the reference voltage, the output changes 
state, that is, a voltage is produced at the output. 
When a coil of a relay is placed between the output 
and ground, a current will flow through the coil causing 
its contact to change state, where this change in state 
could initiate tripping in the breaker control circuitry. 
Although the system just described should, in 
the ideal case, function to detect the different harmonics 
it is still quite cumbersome from a circuit point of 
view. First, the different reference levels for each 
individual frequency must be calculated and set. 
Although this method allows for flexibility, it would 
be quite time consuming to calculate each individual 
setting. It would be advantageous if one reference 
setting could be utilized for all frequencies. Further, 
it would be preferable to compare these DC representations 
against a percentage of the DC portion of the funda-
mental frequency, rather than using a comparison against 
a calculated quantity. For example, the comparator 
could be set to operate if the DC voltage of the 
harmonic is greater than some arbitrary percentage of 
the entire DC voltage of the fundamental. This percentage 
~ 
of the fundamental DC voltage can be obtained by a 
potentiometer functioning as a voltage divider • 
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Comparing against a percentage of the fundamental 
eliminates the need to try and calculate the DC 
voltages the excessive harmonics may produce_at the 
output of the rectifiers in the device. By adding 
a filter, rectifier, and variable resistor for 60 hz, 
this percentage reference quantity can be obtained. 
A block diagram of the revised system is shown below 
in FIG. (8): 
Input 
Fundamental 
F 
X 
.....,_ _ -1 Rect. 
Rect. 
- ·- R t ec . 
Trip 
Coil 
___ FIG. (8,) 
, 
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Although it appears as if the sche~e developed 
should adequately function in the detection of harmonics, 
there are still some aspects which could be improved. 
A first aspect to be considered concerns the situation 
when the magnitude of each individual harmonic is not 
great enough to warrant an operation of the device, 
but the sum total of the magnitudes is large enough 
~ 
so that the device should be activated. In the scheme 
discussed above, it would not be possible for this 
condition to be detected. Therefore, it would be 
desirable to be able to compare the magnitude of the 
combined harmonic components against the fundamental 
frequency. Anot~er portion of the scheme which would 
be desirable to improve is with respect to the input 
filtering. In order to maintain flexibility, it is 
desired to keep all of the filters variable in operation. 
This variability creates a problem in that each variable 
filter used must be tuned during installation. To 
obtain maximum reliability, many filters may be required. 
to ~01·itor all of the possible significant harmonic 
frequencies. In addition, the dissipating resistor, 
required for frequencies which are not being monitored, 
may affect the response of the filters. 
In summary, what is desired is a scheme which 
I 
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minimizes the number of filters, yet maximizes the 
number of harmonics monitored while capable of 
, 
comparing the sum of the magnitudes of all of the 
monitored non-60 hz frequencies against the fundamental 
frequency. This is not as formidable a task as it 
appears. The purpose of the fundamental frequency 
bandpass filter in FIG. (8-~ is to separate out the 
60 hz component of the signal. Once this is accom-
plished it follows that any remaining portion of the 
. 
signal must consist entirely of non-60 hz frequencies. 
Therefore, all of the remaining harmonic bandpass 
filters can be eliminated and this remaining portion 
of the signal can be considered to be representative 
of all of the harmonics present. Once this signal 
is rectified, the resulting DC quantity can be considered 
to be an accurate indication of the sum of all of the 
non-60 hz frequency components. 
By reducing the total number of filters required 
to two, not only is the complexity of the device 
• 
reduced, but the flexibility of the design is likewise 
increased. Instead of requiring bandpass filters for 
the fundamental frequency and all of the harmonics, 
the only thing which is required is a method to separate 
the 60 hz signal from the remainder of the frequency 
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spectrum which is present. A particular method of 
achieving this, which has proven to be quite satisfactory 
in harmonic measuring equipment, is the use of a 60 hz 
notch filter.56 Incorporating this notch filter into 
" 
the scheme shown in FIG. (8) results in the arrangement 
shown below in FIG. (9): 
Input Notch 
Filter ------
Rect. 
(Harmonics) 
Bandpass Rec . 
Filter ,------,(Fundamental) 
+ ---ti a---
C 
) 
R 
-
-
-
FIG. (9) 
The Jcheme shown in FIG. (9) s~ld adequately 
function to detect excessive harmonics on the power 
system produced by over excited generators. This 
particular arrangement is fairly simple, requiring 
only three adjustments, the tuning of the filters 
and the setting level for the comparator. The setting 
level is adjustable to produce a "detect" output signal 
anywh61·e in the range from the slightest presence of 
-71-
, 
• 
• 
harmonics to harmonics equal in magnitude with the 
fundamental. This is accomplished by the variable 
resistor which controls the reference voltage to the 
input of the comparator. The upper frequency cutoff 
is limited only by the system transducers. The burden 
this detection device presents to the system transducers 
can be controlled by impedance matching transformers, 
if necessary. The circuit elements required to accom-
plish the functions in the block diagram are relatively 
inexpensive, including only a few resistors and capacitors 
for each filter, perhaps some operational ampli-
fiers to provide a buffered output~ two full wave 
,.,.--
rectifiers and filter capacitors, a comparator, and 
a relay. Additional amplifiers may be utilized to 
change the signal level from the transducer output 
to a value which is more suited for the comparator, 
where these additional components would not add 
significantly to the cost. 
Although the system shown in FIG. (9) appears 
to be ideal for detecting harmonics, there remain 
some areas in which its performance is lacking. · For 
example, if the device is activated, there is no way 
of knowing which particular frequency, or frequencies, 
was detected. With the digital scheme, as well as the 
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previous analog scheme, this information is readily 
available and could be recorded in some manner for 
' 
later reference. This information may be required 
for other sources of harmonics, but not for cogenera-
tors, hence, it is not of great concern. Another 
( drawback is frequency drift in the tuning of the notch 
filter, which may result from resistance changes as a 
function of temperature or drifts in any active device 
associated with the filter, may result in faulty operation 
Although this problem may also occur in the eariler 
versions of the analog scheme, any digital type of 
scheme would be immune to this problem, since all of 
the frequency analysis is accomplished in software, 
not circuitry. However, this problem is not as critical 
in this scheme as it would first appear. The finite 
width of the notch filter and the roll-off character-
istics will include more than just 60 hz to begin with. 
Thus, if the tuning does drift, the 60 hz signal will 
not be entirely removed. 
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CHAPTER FOUR 
A COIVIPUTER SIMULATION OF THE CHOSEN SCHEME 
' To evaluate the feasibility of the proposed scheme 
· it will be simulated on a digital computer so that 
the performance of the scheme can be accurately 
predicted. The scheme can be simulated by modeling 
the frequency responses of the associated notch and 
bandpass filters, and comparing the respective outputs 
from the filters. The rectifier circuits need not 
be simulated since their characteristics are essentially 
independent of frequency. 
Before the simulation can be perfor'med, the 
structure of a 60 hz bandpass circuit must be derived. 
The transfer function for a typical bandpass filter 
is given by: 
Ks 
2 2 s + Bs + w0 
• 
One circuit which exhibits this function is shown 
below in FIG. (10):57 
_ __, 1-c ___ ___, 
Vin Rl C 
~---4-------al-----------~ 
R2 
-
-
-
FIG. (10) -
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( 42) 
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For this circuit, the constants of equation (42) are 
defined as: 
B = 2/RJC 
w~ = 1/R3c
2 
• (1/R1 + 1/R2 ) 
Q - w0 /B, and 
K = -1/R 1c (the 180° phase shift can be ignored 
since the output goes to a full 
wave rectifier). 
For the bandpass filter, it is desired to have 
a fair amount of gain (e.g., 10) and a reasonably 
high Q (e.g., 10) to prevent passage of non-fundamental 
frequencies. Utilizing the above criteria and desired 
parameters, the following standard element .values 
are obtained: R1=56k.J1., R2=2,7k.!l., R3=1.2M.!l., 
and 
C=0.047,Ltf. The actual center frequency, using the 
above equation and necessary conversion, is slightly 
greater than 60 hz, since standard element values 
were chosen. It should be noted that R3 and C could 
both be made continuously adjustable, if need be, 
for critical applications. 
Next, a 60 hz notch filter circuit must be 
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developed. The transfer function for a typical notch 
filter is given by: 
v~(s) 
V. ( S) 
l 
-
- 2 2 (s + Bs + w ) 
0 
• 
. (4J) 
Shown below is a typical notch filter circuit.58 
v. in R· 1 . 
' 
vout 
R2 R5 )_~ 
-
-
FIG. (11) 
Provided the relationship R4R3=2R1R5 is maintained, 
the transfer function parameters are defined by: 
K - R6/R3 , which is the maximum gain, 
B - 2/R4C, and 
w~ = 1/R4C2 • (1/R1 + 1/Rz). 
It is desired to have the characteristics of this notch 
-76-
filter match, as close as possible, those of the bandpass 
filter (Q=10, gain=10). Based on these desired para-
meters and relationships, the following standard element 
values are derived, R1=270k.n., R2=2.7k.n., R3=J4k.n, 
R4=1.2MJ\, R6=J40k.n., and C=0.047).t f. The relatiCJBhip 
R3R4=2R 1R5 dictates that R5=75.7~.(l.. In reality, 
resistor R5 could be made continuously adjustable to 
ensure proper circui·t operation. With these element 
values, a center frequency of 59.8 hz is obtained. 
To simulate this scheme, the frequency,response 
\ 
1 
' 
of each filter is calculated utilizing value~ which 
are input by the user. The simulation then analyzes 
the response of the scherne to any desired waveform. 
This waveform must be represented by the magnitude 
of the 60 hz fundamental and all significant harmonic 
components. The magnitude for these frequency components 
may be entered in any of the following ways: (1) with 
the fundamental represented as unity and the harmonics 
as associated fractions of unity, (2) with the fundamental 
and harmonics entered as their respective fractional 
portions of the signal, or {J) as the calculated 
voltages (or currents) for each frequency component. 
For example, a signal which is composed of 75% funda-
mental and 25% third harmonic can be entered as: 
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(1) fundamental=l, harmonic=l/J; (2) fundamental=0.75, 
harmoni9=0.25; or (J) fundamental=75V(A), harmonic= 
25V(A). Since the device monitors the ratio between 
total harmonics and fundamental, the actual units 
used in association with the input quantities are 
not relevant. 
A complete model of this proposed scheme using 
.. 
the component values defined above indicates that the 
scheme would be quite dependable for accurately detecting 
excessive harmonic conditions. A trial run, with a 
"' 
pure 60 hz signal input, revealed that fundamental 
leakage through the notch filter resulted in a ratio 
check of total harmonics to fundamental of less than 
0.006 (0.6% error). Since a typical setting for this 
device would probably be 0.15 (total harmonic content 
approximately 13% of waveform), this device should 
operate properly for almost any possible excessive 
harmonic condition which ~ay be produced by overexcited 
/ 
induction generators.,.fn fa;t, .for a·trial run using 
only the three most {ignifi6ant harmonic components 
of the waveform illudtrated in FIG. (6), the model 
predicted operation for a set point as high as 0.25. 
The slightest overvoltage of an induction 
generator will start to generate harmonics in the output 
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waveform. The proposed detection scheme is capable 
of accurately detecting harmonic levels on the order 
of 0.6%, This digital simulation clearly proves that 
this proposed method will adequately function to detect 
overvoltages from self-excited induction generators. 
A copy of the computer program used to perform 
the simulation is on file in the office of the Electrical 
and Computer Science Department . 
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CHAPTER FIVE 
CONCLUSIONS 
Induction generators are often utilized on power 
systems by customers who have some type of renewabl
e 
energy source (hydro, wind, bio-mas, etc.) available 
to supply energy to the generator. As mentioned be
fore, 
these customers sell any excess power they produce 
to the utility. Induction generators are used as t
he 
electrical generating devices due to their simplici
ty 
and favorable price. Provided there is a suitable 
excitation source (usually the connected power system) 
\ 
the induction generators will produce electrical po
wer 
of acceptable frequency and voltage. 
When the induction generators become separated 
from their normal excitation source (the power system), 
their voltage will usually start to decrease due to
 
lack of "excitation" or due to a connected load bey
·ond 
its capability. At this point, undervoltage relays
 
will operate to remove the generator from the syste
m. 
In some cases, if there are a sufficient number of 
capacitors connected to the same line as the genera
tor 
to supply the generator's excitation, the generato
r 
is said to be self-excited. If the remaining load
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is not beyond the capability of the machine, the 
generator may continue to generate acceptable quality 
electricity. However, if there is too much connected 
capacitance, the voltage at the output terminals will 
b~gin to increase (the generator is said to be over-
excited) beyond acceptable limits. An analysis of 
the Middle Creek Hydro installation on the PP&L system 
indicates that this is a possible condition. At this 
point, the overvoltage relays should operate to isolate 
the generator from the system. However, often these 
overvoltages produce harmonics due to the magnetic 
characteristics of the distribution transformers connected 
to the system and possibly due to the saturation of the 
generator itself, Tests have shown that these harmonics 
greatly increase the operation time of the overvoltage 
relays, or prevent detection altogether. Because of 
this, there exists a need to be able to detect the 
harmonics which may be generated from the overexcited 
generators. 
The method developed to detect these harmonics 
utilizies two DC voltages. One is obtained from t1'l.e 
output of a full wave rectifier which is supplied 
from a 60 hz notch.filter. The magnitude of this voltage 
is representative of the total harmonic content 
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of the signal. The other voltage is obtained from the 
output of a full wave rectifier which is supplied only 
by the 60 hz fundamental frequency. The magnitude 
of this voltage is representative of the magnitude 
of the 60 hz funcamental. The scheme then compares 
the harmonic DC voltage against some predetermined 
fraction of the fundamental DC voltage. This prede-
termined value is the maximum permissible amount of 
total harmonic based on a percentage of fundamental 
frequency present in the signal. For example, if 
it is determined that the maximum amount of harmonics 
permitted on the system is 10% of the 60 hz component, 
10% of the 60 hz DC voltage is the reference voltage. 
As long as the total harmonic content is less than 
this predetermined percentage of fundamental, in this 
case 10%, nothing happens. If the harmonic content 
is equal to or greater than this predetermined amount, 
the scheme will operate to isolate the machine from 
the system. 
This scheme should function to adequately detect 
any excessive harmonics generated by an overexcited 
induction generator. A question remains, however, 
with regard to the acceptability of this same scheme 
to detect harmonics from other sources ... The answer 
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to this question depends upon what is to be detected. 
For example, if a steel mill is trying to detect a 
specific harmonic so that the respective available 
filter can be switched on, this scheme cannot be 
utilized since it is not capable of distinguishing 
• 
between the different harmonics (although it could 
be easily modified to accomplish this, with additional 
cost and complexity). For this type of detection, 
some form of digital analysis may be desirable to 
differentiate the magnitudes of the different harmonics 
which are present. However, if an installation has 
some form of harmonic suppression equipment in service 
at all times, the protective device developed here 
may be used to detect faulted equipment. An example 
of this is an electronic AC/DC conversion station with 
harmonic cancellation transformers. As long as there 
are no faults within the transformers, and all other 
associated equipment is operating correctly, few 
harmonics, if any, will flow into the system. If a 
fault were to develop on one of the transformers, or 
if some equipment were to malfunction, harmonics would 
propagate into the system. In this case, operation 
of the detection device could serve as an early indicator 
that something w~s wrong. 
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The simplicity and relatively low cost of the 
proposed method makes it a desirable device to detect 
harmonics. However, no matter what their origin, 
it must be det~rmined that the ability to differentiate 
between different harmonic components is not required 
for proper operation at a specific installation before 
this device can be used effectively. 
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- APPENDIX I 
DATA FOR INDUCTION GENERATOR AT MIDDLE CREEK 
HYDROELECTRIC INSTALLATION 
Nameplate data: 
J50kw, 1200rpm, J-phase, 6.0 hz, 2400V 
Test Data 
Full Load J/4 Load 1/2 Load 
Efficiency 94.5 94.5 93.8 
Power Factor BJ. 7 . 80.J 71. 8 
Amps 106.5 8J.2 62.5 
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APPENDIX II 
CONVERSION OF SYS TElVl LOAD AND CAPACITANCE TO 
EQUIVALENT SERIES RESISTIVE AND REA.CTIVE COMPONENTS 
The mathematical model of the generator utilized 
an external impedance of Re +·jxe. The system load 
(RL) and capacitance (Xe) are 'in parallel. Hence, 
the parallel combination of these system quantities: 
.·11111st be converted to an impedance in the form of 
R + jX • This requires nothing more than: findin.g tJ1e 
e e 
equivalent impedance bf the para·11e,l c.ombination o:f 
., 
R1 :c:md x.c· a.s s·hown be 1 ow : -
R L 
·~, 
.z 
eq 
XC 
• 
J 
., 
its complex conjugate yieldsa 
• • 
(AII.2) 
Separating the real and imaginary parts of equation 
(AII.2) results in: 
, and (AII.J) 
/ 
(AII.4) 
• 
In the Middle Creek Hydro example of Chapter 2, the 
system load and connected capacitance were given as 
J50kw and 900KVAR, respectively. On a 10,000KVA base, 
I 
these values can be represented as: 
R L(pu) 
X C(pu) 
(" 
1 
-350 
10,000 
1 
900 
1~;000· 
= 28.57, and 
- -11.111. 
I 
I 
Substituting these values in the above equations (AII.J) 
and (AII.4) yields: 
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({ 
, 
1 
R = 
e 
X = 
e 
.. 
• 
<28. 57) (-11.111)2 
(28,57)2 + (-ll.lll)2 = J.753 pu, and 
<2s.57) 2 (-11.111) 
2 t 1 -(28.57) + (-ll.lll)~ - -9.6513 pu. 
' /', . I 
; 
.. 
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